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Abstract
This paper reports the production of strongly confined ligand-free, defect-free, hydroxy-
terminated ZnO quantum dots with a mean diameter of 1.9 nm, by radio frequency atmospheric
pressure microplasma. Systematic characterization is performed to understand the surface
chemistry of ZnO quantum dots. Photoluminescence studies show strong confinement effect on
emission with only ultraviolet (UV) emission without any defect-related visible emission.
Emission is again tested after eighteen months and confirms the QDs long-term emission
stability. The mechanism responsible for this UV emission is also discussed and originates from
OH-related surface terminations.
Keywords: hydroxy-terminated ZnO quantum dots, quantum confinement, band alignment,
photoluminescence, defect-free
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1. Introduction
Zinc oxide (ZnO) has always been of great interest because of
its application in various technologies such as ultra-violet
(UV) lasers [1, 2], photovoltaics (used as a transparent and
conductive layer) [3–6], light-emitting diodes [7] and
electroluminescence devices [8]. ZnO has a wide bandgap
(∼3.3 eV) with large exciton binding energy (∼60 meV),
optical transparency, electric conductivity and piezoelectric
properties. It is also of great interest due to reduced toxicity
and limited environmental impact compared to other II–VI
semiconductors. Its n-type nature makes it highly suitable as
an electron acceptor or transparent electrode often as a
competitor to materials such as TiO2. Among the different
ZnO nanostructures (e.g. nanowire, nanoneedles, nano-
flowers), zero-dimensional ZnO quantum dots (QDs) have
strong impact on optoelectronic properties. Three-
dimensional quantum confinement of carriers can improve the
optoelectronic properties of ZnO QDs by increasing carrier
life-time and enhancing photoluminescence. However, con-
trolling these properties is challenging because these are
determined by defects such as oxygen/zinc vacancies and
interstitials [9]. QDs are unique in this respect because they
are less prone to deeper structural defects and tend to segre-
gate defects at the surface. However, at the same time, the
impact of surface defects is stronger than in bulk and
understanding their resultant complex optoelectronic proper-
ties can be difficult. It has been observed for instance that
quantum confined systems can enhance excitonic emission
from ZnO but still have surface defects related emissions [10].
Because defects are at the surface, they can be easily acces-
sed, and passivation strategies can offer opportunities for
controlling as well as tuning these properties, particularly
emission properties [11, 12], higher stability and resistivity
toward oxygen and water with the additional advantage of
bandgap tunability [13]. Most often synthesis and passivation
represent two separate steps in the preparation of nano-
particles; however, plasma-based synthesis can provide ave-
nues for synthesizing nanoparticles with appropriate
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passivation in a one-step process. For instance, Felbier et al
[14] reported ZnO QDs synthesis by low-pressure radio-fre-
quency (RF) plasma using diethylzinc and oxygen gas as
precursors. On the other hand, atmospheric pressure plasmas
(APPs) have gained substantial attention due to the possibility
of low-cost, flexible and highly versatile processes.
Here, we report defect-free and hydroxy-passivated
ZnO QDs synthesized by radio-frequency (RF) APPs.
Compared to other methods which use metal-organic and
other expensive chemical compounds, we have synthesized
ZnO QDs directly from a high purity metallic zinc wire, as
Zn precursor, and environmental oxygen. This approach
offers clear advantages in the management of precursor and
process gases and represents a very simple and quick
synthesis method for ZnO QDs. Furthermore, this process
has allowed us to achieve ZnO QDs with unique char-
acteristics never reported before. We have synthesized QDs
with a mean diameter of 1.9 nm where active oxygen
defects at the surface are passivated during growth intro-
ducing hydroxyl groups [15–17]. ZnO QDs synthesized
with this method are therefore within the strong quantum
confinement regime (determined by the Bohr radius,
0.9–2.34 nm for ZnO) [14, 18–23] and where defects have
been eliminated also at the surface with effective OH–pas-
sivation in a single step process.
2. Experimental details
The plasma system consists of a stainless steel (SS) tube
with a quartz capillary (1 mm outer diameter and 0.7 mm
internal diameter) containing a 99.99% pure zinc wire (Alfa
Aesar) of 0.25 mm diameter and around it a copper powered
electrode, as shown in figure 1. The zinc wire acts as ground
electrode through the grounded SS capillary tube. Radio
frequency power (13.56 MHz) was applied to the powered
electrode and argon gas was used to produce the plasma.
The gas flow rate and applied power were set to 150 sccm
and 40 W respectively. The plasma was generated between
the powered electrode and the zinc wire. The distance
between the capillary and the collector (i.e. a solid substrate
or a vial with ethanol) was ∼1.5 cm, which allows for
interaction between the plasma after-glow and the atmo-
spheric oxygen. In order to ensure the repeatability of the
process, the synthesis was carried out for 30 min for each
sample produced.
Transmission electron microscopy (TEM) and high-
resolution TEM (HRTEM) were performed (Jeol JEM02100
F) by collecting the sample in ethanol and drop-casting on
carbon-coated gold grids. The ZnO QDs were also deposited
on a silicon substrate for scanning electron microscopy (SEM;
FEI Quanta 200 3D). X-ray photoelectron spectroscopy
(XPS; Kratos Axis Ultra DLD) of the samples on Si substrate
was also carried out to identify the chemical composition
using Al Kα radiation. XPS measurements were also used to
determine the valence band-edge. Fourier transform infrared
spectroscopy (FTIR; Thermoscientific iS5) was performed to
gain chemical information of the ZnO QDs, also deposited on
Si substrates. The samples were deposited on glass substrates
coated with indium-doped tin-oxide to carry out Kelvin probe
(SKP 4.5, KP Technology Ltd UK) measurements, to find out
Fermi level of the films. Finally, we measured optical char-
acteristics using ultraviolet-visible (UV–vis; PerkinElmer
LAMBDA 365) spectroscopy by collecting ZnO QD directly
in ethanol and calculated the corresponding bandgap by Tauc
plot by measuring both transmission as well as reflectance/
scattering. ZnO QDs colloids in ethanol were also used to
Figure 1. Experimental set-up of the RF plasma reactor used for ZnO
QDs synthesis.
Figure 2. Scanning electron microscope image of particle deposition
at 40 W with 150 sccm of Ar flow.
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measure the photoluminescence (PL; Cary eclipse fluores-
cence spectrophotometer, Agilent Tech).
3. Results and discussion
A typical SEM image of the ZnO QDs deposited on a silicon
substrate is shown in figure 2; this shows relatively good
uniformity of the film over a micrometer range. However, the
deposition process of large films is not optimized yet and, as it
is often the case for this type of plasmas, films are highly
porous and non-compact [24]. Of course, the resolution of the
SEM is not sufficient to identify the QDs and the morphology
observed in figure 2 is due to randomly oriented and
agglomerated ZnO QDs when deposited directly on a
substrate; the size of the agglomerates is within the range of
50–150 nm.
TEM images have revealed the uniform size and crystal-
line nature of the sample as shown in figures 3(a) and (b). The
inter-planar spacing was calculated and found to be 0.247 nm
and 0.193 nm which is a good match with (101) and (102)
planes of wurtzite ZnO (figure 3(b)), respectively. ZnO planes
(100), (102) and (110) can also be observed in the SAED
pattern in figure 3(c). The histogram in figure 3(d) shows the
size distribution of the QDs with mean diameter of 1.9 nm.
FTIR measurements are performed in nitrogen environ-
ment and can be seen in figure 4(b). Four peaks are observed
at 925 cm−1, 1410 cm−1, 1640 cm−1 and 3480 cm−1 in this
graph. The broad band in the range of 3200–3700 cm−1 is
assigned to stretching vibration of OH [25–28]. Non-bonding
OH stretching appears at higher frequency near 3600 cm−1
Figure 3. (a) and (b) Transmission electron microscope images of ZnO QD, (c) SAED pattern and (d) particle size analysis.
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while inter-molecular hydrogen bonding shifts the peak to
lower frequency near 3200–3550 cm−1 [27]. Bending vibration
of OH can be seen at 1395–1440 cm−1 and 910–950 cm−1
[27–29]. Peaks at 925 cm−1, 1410 cm−1 and 3480 cm−1 cor-
respond to OH bending and stretching vibration. Bending
vibration suggests the inter-molecular hydrogen bonding
between OH molecules when OH is abundant [27, 28, 30]. The
small peak at 1640 cm−1 corresponds to OH vibration in H2O
[27, 31, 32]. Specific ZnO-related peaks (∼436–529 cm−1) can
be only observed in part as these were just outside the available
range. We should note that the OH-related peaks at 925 cm−1
and 1410 cm−1 are not generally observed for adsorbed water
[27, 29] and therefore suggest the presence of OH-terminations
at the ZnO QD surfaces (see further below for more evidence).
The small peak at 665 cm−1 correspond to bending vibration of
CO2 from air [33].
XPS was performed to analyze further the chemical
composition and oxidation state of ZnO. Binding energy (BE)
of elements was calibrated against C 1s (284.6 eV). XPS
survey shows Zn and O peaks as shown in figure 5(a) and
confirms ZnO formation. Binding energy at 1021.94 eV and
1045.14 eV are attributed to binding energy of Zn2p3/2 and
Zn2p1/2 electrons as shown in figure 5(b). The BE difference
between these two peaks is 23.2 eV, which is close to that
reported in the literature (23.1 eV) and confirms that Zn is in
the Zn+2 state as expected for ZnO [34–36]. In the XPS
spectra, the asymmetric O 1s peak was observed with a
shoulder at higher binding energy. O 1s spectrum was fitted
by two peaks centered at 531.74 eV and 532.88 eV
(figure 5(c)). A peak in the range of 529–530.5 eV corre-
sponds to O−2 in Zn–O binding. However, in our samples we
do not observe any peak in this range. The first peak at 531.74
eV can be ascribed to O–H groups, which is consistent with
the strong FTIR signal that indicates the presence of hydroxyl
groups. The higher energy peak at 532.88 eV can be attrib-
uted to adsorbed oxygen in H2O or –CO3 species [37, 38].
While the Zn2p3/2 and Zn2p1/2 peaks clearly demonstrate the
chemical composition of ZnO, we do not observe a clear
contribution from Zn–O bonds in the O 1s. This may be due
to much lower in intensity resulting from the volume-to-sur-
face ratio or it is possible that the peak measured at 531.74 is
in fact a combination of OH as well as Zn–O, with the latter
shifted due to the small size of the QDs.
To confirm further the chemical state of the ZnO QDs,
zinc LMM Auger spectrum is also recorded as shown in
figure 5(d). Auger peaks of metallic zinc, zinc hydroxide and
zinc oxide appear at 992 eV, 986.5 eV and 988.6 eV
respectively. Our recorded value at 988.9 eV is in very good
agreement with the literature value for ZnO at 988.6 eV [39].
The Auger signal can be considered more reliable due to the
interrogation of deeper electronic states and it provides strong
evidence of the formation of ZnO.
Overall the combined material characterization of the
ZnO QDs confirms the crystal structure (HRTEM and SAED)
and chemical composition (FTIR, XPS). Moreover, XPS and
FTIR analysis indicate the strong presence of bonded OH
groups which are not to be assigned to adsorbed moisture and
therefore strongly support the formation of OH-terminations.
This will be further supported by PL measurements.
The difference between the Fermi level (Ef) and valance
band maximum (EVBM) was evaluated from the XPS spectra
shown in figures 5(e) and (f). This was done by extrapolating
the leading edge of the XPS spectra to the baseline as shown
in the figure 5(f) and produced a value of 2.63 eV (Ef–EVBM).
The Fermi level was then obtained by measuring the
contact potential difference (CPD) between the ZnO sample
and a reference electrode. The calibration of the system was
carried out by measuring the work function (Φ) of a known
gold reference (5.1 eV). The work function of the sample can
then be calculated with:
F = - +CPD CPD5.1 , 1Sample Au Sample ( )
where CPDAu is the contact potential difference between the
Au reference and Au tip, CPDSample is the contact potential
difference between sample and Au tip. On this basis, the
Fermi level of our ZnO QDs was measured to be −5.57 eV,
which is more negative than the Fermi level of bulk ZnO
(−5.2 eV) [40]. This difference is the result of changes in
charge distribution and electric environment in quantum
confined systems [41, 42].
The UV–vis transmission spectrum is recorded from ZnO
QDs in ethanol colloids as shown in figure 6(a). The
absorption features of the direct bandgap semiconductors
(such as ZnO) can be described from the following relation
[43]:
a n nµ -h h E , 2g2( ) ( ) ( )
where α is the absorption coefficient, hν is the photon energy
and Eg is the bandgap of bulk. The relative value of the
absorption coefficient is calculated by transmittance mea-
surement if we assume that scattering is negligible.
Figure 6(b) reports the Tauc plot according to equation (2).
The linear region of the plot indicates the direct nature of the
bandgap and the intercept gives a bandgap of 4.27 eV. The
relationship between the bandgap and particle size can be
Figure 4. Fourier-transform IR spectrum of ZnO QDs, showing
different OH vibration.
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estimated according to various theoretical models [44–46].
Changes in the ZnO bandgap follows an exponential trend
and can be seen for QDs with diameters below 4 nm [46]. Our
ZnO QDs are therefore expected to be in the strong con-
finement regime and having a large bandgap.
Here, because of the strong confinement of these parti-
cles, effective mass model for spherical particles with cou-
lombic interaction is no more valid for bandgap calculations
[20, 21, 46]. The theoretical value of the bandgap was
determined from equation (3) [46] as 4.46 eV using the mean








Here, d is the diameter of quantum dot. The difference
between theoretical and experimental values can be due to a
Figure 5. (a) X-ray photoelectron spectrum (XPS) survey scan of ZnO; (b) Zn 2p; (c) O 1s; (d) shows Zn LMM Auger Electron Spectra;
(e) onset of the XPS spectra of ZnO and (f) shows Ef –EVBM.
Figure 6. (a) Transmission spectrum of ZnO QDs and (b) shows Tauc plot and bandgap of ZnO.
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range of factors where theoretical calculations generally
assume chemically unaltered surfaces with respect to the QD
core [46]. However, experimentally, surface terminations are
unavoidable (such as –OH) and are known to affect the
properties of quantum confined systems [47].
The complete band structure of ZnO is depicted in
figure 7. The position of the valence band edge was calculated
from the XPS results (Ef− EVBM =2.63 eV) and using the
Fermi level value (−5.57 eV) from Kelvin probe measure-
ments, i.e. EVBM =Ef−2.63 eV=−8.2 eV. The corresp-
onding conduction band edge was also found adding the
value of the measured bandgap energy to the valence band
edge, yielding a value of −3.93 eV.
We have recorded emission spectra of ZnO QDs at UV
excitation wavelength 230 nm as shown in figure 8(a). Inset
shows the emission spectra of same sample after eighteen
months. ZnO generally shows photoluminescence in the UV
and visible region. Figure 8(b) is a schematic diagram
depicting this emission behavior in three different systems,
that is, bulk ZnO, ZnO QDs and hydroxy-passivated ZnO
QDs. Blue and green arrows in figure 8(b) point at the origin
of UV and visible emissions, respectively. For bulk ZnO, the
emission generally corresponds to different zinc and oxygen
defects [48–50]. In particular, visible emission is often
described in terms of recombination of conduction band
electrons with deep-trap holes or recombination of electrons
present in near-conduction band traps with holes in the
valance band [51]. The emission behavior in QDs, however,
largely depends on the size of the QDs and quantum con-
finement regime. As the particle size reduces, the intensity of
the UV emission generally increases without affecting the
visible emission as shown in figure 8(b) for the ZnO QDs
[52]. Our PL spectrum shows only UV emission without any
peak in the visible range (figure 8(b), OH–ZnO QDs) that
again corroborates defect-free ZnO QDs.
The main PL emission peak close to 330–340 nm and the
corresponding Stokes shift (i.e. the difference between the
onset of the absorption and the maximum of the PL emission
spectra) is>200 meV. Experimentally, there have been many
reports on significant Stokes shifts in many quantum dots e.g.
CdSe [53], PbS [54] etc. A Stokes shift from 60 meV to 180
meV has been reported in ZnO nanorods with diameters
decreasing from 14.5 nm to 6.5 nm, so that the shift observed
in our measurements for the prominent peak at ∼330–340 nm
is consistent with our mean diameter of 1.9 nm. The reason
for a higher Stokes shift is related to enhancement of exciton
localization in smaller particles [55].
Deconvolution of the PL emission spectrum shows a
number of UV emission peaks (300 nm, 334 nm, 357 nm and
386 nm), figure 8(a). The small peak at 300 nm (4.13 eV) is
related to confined excitonic emission. Also present is a
prominent peak at 334 nm (3.71 eV) with two other peaks at
357 nm (3.47 eV) and 386 nm (3.21 eV) which are red shifted
with respect to the excitonic emission.
Fonoberov et al have shown theoretically that when an
surface bound ionized acceptor-exciton complex is present in
the system [20], the position of the UV peak (334 nm) is
hundreds of meV lower in energy than that for the confined
exciton. Another possible reason is that the emission originate
from exciton localization [55].
The emission at 357 nm (3.47 eV) and 386 nm (3.21 eV)
on the other hand could be due to the strong molecular
interaction of OH with Zn surface defects which introduce
extra bands close to the conduction/valence band edges as
shown in figure 8(b), OH–ZnO QDs. Furthermore, the strong
interaction between empty Zn 3d, 4s and 4p molecular orbital
and O lone-pair orbital of OH was observed in other reports
where UV photoelectron spectroscopy results showed an
increase of the emission in the area between the Zn 4s/O 2p
and the Zn 3d band and a redistribution of the emission in the
O 2p band was observed [56, 57].
Overall the PL analysis supports our material character-
ization where typical emission due to defects is not observed
and where emission at 334 nm can be ascribed to OH-ter-
minations, which is consistent with our chemical analysis.
This confirms the formation of defect-free OH-passivated
ZnO QDs.
In some cases reported in the literature [14], OH was
observed on the surface of ZnO QDs; however this was
clearly due to adsorbed water as they could not confirm
Zn–OH bonding and their observation of visible emission
indicated that OH did not contribute to surface defect passi-
vation. Because of the strong confinement and very small size
of QDs, the surface is normally highly reactive as a result of
Figure 7. Estimated band alignment diagram of ZnO QDs with XPS,
UV–vis and Kelvin prob analysis.
6
Nanotechnology 31 (2020) 215707 G Jain et al
the high density of surface O- and Zn-based defects, which
can also contribute to surface degradation and changes in
the opto-electronic properties. Many different approaches
have been used to passivate these surface defects to reduce the
visible emission contribution [11, 12]. However, these were
generally post- synthesis methods. In our process, OH ter-
minations are formed during synthesis which allows the for-
mation of Zn–OH bonds within the plasma environment. The
absence of any visible emission suggests the stabilization of
surface defects, which is not the result of post-synthesis
passivation.
4. Conclusion
We have shown a simple method to synthesize hydroxy-
passivated ZnO QDs by non-thermal atmospheric pressure
plasma which is unique and very simple in terms of managing
precursors and its operation. Further, we investigated size and
crystal structure by TEM to confirm wurtzite ZnO crystal
structure and the absence of Zn(OH)2. Our work report on the
smallest ZnO QDs produced so far, with average diameter of
1.9 nm. The increase in bandgap is due to the strong con-
finement effect at this small size. The PL study reveals
interesting aspects of these defect-free QDs where the emis-
sion spectra is limited to the UV region; this is the result of
the introduction of energy states near to conduction and
valence band edges, which removes O- and Zn-based defects
that would normally lead to deeper trap states. This obser-
vation is further supported with the FTIR and XPS analysis
where the OH bonding on the surface is confirmed. These
OH-terminated ZnO QDs exhibit a stable PL emission for
over the period of more than 18 months. This again supports
our claim of OH termination, because of the OH-bonding on
the surface of the QDs do not migrate into the lattice structure
and preserve their emission properties for very long time. This
unique property can be promising for many emission related
applications.
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